Success in rhinoplasty dictates a satisfied patient with a good functional and aesthetic result. Given the central location of the nose in the face, the complexity of improving both aesthetics and function, and the unpredictability of healing following rhinoplasty, all efforts during pre-, peri-, and postoperative stages should concentrate on patient's satisfaction. Based on standard views of the nose (frontal, lateral, three-quarter, and basal), analyses for purposes of preoperative planning and postoperative evaluation are routinely performed in the clinic before and after rhinoplasty. However, there are certain inadequacies that arise from the fact that a three-dimensional (3D) structure like the nose is depicted on a 2D image.
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With advances in technology that have led to the use of 3D surface imaging techniques, it is now feasible to overcome these shortcomings. There are several different types of 3D surface imaging modalities developed. Nowadays, due to their fast acquisition time and ease of use, both 3D digital stereophotogrammetry (using two or more photographs from slightly different vantage points to calculate the 3D shape of an object) and structured light technology (projecting a standardized pattern of light on an object and analyzing the distortion to record the 3D surface contour) are becoming the preferred facial surface imaging techniques in hospitals and research centers. Given the accuracy and reliability of these Keywords ► three-dimensional surface imaging ► rhinoplasty ► preoperative planning ► facial analysis ► postoperative assessment
Abstract
During the preoperative assessment in rhinoplasty, the surgeon takes a thorough history, performs a complete examination by assessing functional and aesthetic aspects of the nose, obtains a clear understanding of the patient's wishes, conducts facial analysis based on standardized photography, and communicates to the patient the goals and pitfalls of surgery. Computer imaging or morphing of the preoperative pictures of the nose has drawn a lot of interest in the last decade, and it is a sign of evolution of the preoperative consultation. Technological advances, also in the context of rhinoplasty, have led to the development of three-dimensional (3D) imaging techniques, and have completely revolutionized the way that surgeons manage their patients preoperatively and evaluate postoperative results today. The accurate 3D surface imaging aids the surgeon to communicate with the patient adequately before surgery, to set an appropriate surgical plan, and to measure the shape and volume changes of the patient's nose that result from the intervention. The present review provides an analysis on the current knowledge of 3D surface imaging in rhinoplasty derived from the literature, and highlights future directions of preoperative and postoperative assessment in the field.
systems, validated by several articles, their use for clinical research is becoming increasingly important. Such systems can serve as an exceptional tool for the rhinoplasty surgeon, as they have the potential to enhance clinical care by ameliorating preoperative evaluation, facilitating surgical planning, and improving outcome assessment.
Evolution of Imaging from 2D to 3D
By peering over the archives of facial plastic surgery, it emerges that conventional objective assessment methods to evaluate the nose and the face preoperatively have been based on 2D facial analysis with techniques such as cephalometry, anthropometry, or photogrammetry. leading to loss of data as well as the failure to account for differences in depth, symmetry, and shape. 10 Additionally, the limitations of a 2D medium significantly reduce the ability to objectively quantify treatment results for patients. These drawbacks, and the need for minimizing subjectivity when quantifying the effects of surgery, have pushed the borders of capturing facial topography to a new 3D era. Although 3D imaging has been used in computer animation, anthropometry, and dentistry for some time, its use in medicine is more contemporary and is already having a significant impact.
11 Recent advances in technology have generated a variety of 3D modalities. They include 3D Three-dimensional cephalometry relied on manual techniques to abstract 3D coordinates from lateral and anteroposterior radiographs.
13 Yet, this work was time consuming, soft tissue contour could not be assessed, and patients were exposed to radiation.
11
Three-dimensional ultrasonography requires a contact probe to generate 3D coordinates.
14 Pressure of the probe on the soft tissues results in distortion of the image, making this application not clinically useful in facial plastic surgery. Radiation exposure to the patient as well as image artifacts arising from metal objects in the oral cavity is recognized as the major weaknesses of 3D computed tomography imaging, rendering this application not popular in facial plastic surgery for purposes of aesthetic nasal analysis.
Laser-based surface imaging works on the principle of laser triangulation, as stereophotogrammetry. The 3D scanner emits a laser stripe, which sweeps across the object to be scanned. A camera records data points along the length of strip to create a point cloud of geometric samples on the surface of the subject. 15 Main limitations remain cost, the inability to capture soft tissue texture, and time for image acquisition, which can be as long as 20 seconds depending on the product, making distortion highly likely especially in children. 16 The patients eyes must also be closed for protection.
As computer technology and speed advanced exponentially over the past 25 years, optical-based surface imaging technologies have evolved enough to find a more prominent place in the medical field and are currently the most promising methods of 3D surface imaging. Optical-based 3D surface imaging technologies are available to noninvasively capture anatomically precise 3D facial images of the patient. They include structured light imaging, Moiré fringe projection, and stereophotogrammetry imaging systems.
Moiré topography is a technique that has been reported to be extremely time consuming 17 and requires careful control of lighting that limits the application of this methodology to laboratory conditions. Structured light technology is a technique during which structured light patterns of white light, such as grids dots or stripes, are projected onto the subject. Next, a single image of the subject and the projected pattern are acquired by a digital camera, within the system, calibrated with the specifics of the projected light pattern. The distortion of the light pattern is captured and processed by the system's software to generate the shape data and register appropriate color and texture information.
19
Stereophotogrammetry is a technique that was first described in 1967. 20 This technique differs from the other optics-based methods in that it requires no special pattern projection. The subject can be illuminated with regular photographic flash. This permits rapid image acquisition with no danger to the patient from radiation or lasers. In principle, two pictures are taken of the same object to create a stereo pair and at the same time record depth to generate a composite 3D model. The recorded pattern provides the stereo algorithms to build accurate 3D geometry. Once the 3D geometry model has been built, software maps the color and texture information onto the model. Two basic triangulation strategies exist for stereophotogrammetry: active and passive. Active stereophotogrammetry utilizes the projection of a random unstructured light pattern on the surface of the target object. It combines this pattern with the visible natural pattern of the object's surface to give the stereo algorithms as much information as possible to generate a quality 3D geometry. In contrast, passive stereophotogrammetry generates 3D geometry solely based on the natural patterns of the target object's surface. Multiple cameras at different locations are utilized to triangulate the shape of the object. Multiple synchronous photographs are taken from different angles, which are then digitally merged to produce a 3D image. When a handheld system is used, three different photographs are captured to the camera's SD memory card (►Fig. 1). The accuracy of these newly developed 3D imaging systems in recording facial morphologic features has been recently validated.
21-24
The advantages of 3D photogrammetry are near-instantaneous image capture (1.5 ms) which minimizes motion artifact, provision of archived image for repeated analysis, collection of data points in 3D format for subsequent studies, and high-resolution color representation. 24 Various commercial products using principles of stereophotogrammetry or structure light technology have been developed to generate 3D images and are currently available for purchase and clinical use (►Table 1).
Advantages of 3D Surface Imaging 3D Surface Imaging: Preoperative AssessmentPatients' Perspective
Patient education is an integral part of the preoperative assessment in rhinoplasty. Three-dimensional images offer the opportunity to patients to view themselves from a different perspective than that offered by a mirror, for example. This advantage makes surface imaging an excellent patient teaching tool. When patients are having their own 3D image viewed at any angle and direction, they get familiar with their own anatomy and possible asymmetries or deformities. This technology also provides a 3D image that can be manipulated for viewing at any angle or direction allowing patients to come face to face with their potential postoperative result. During this stage, discussing the images and setting appropriate expectations will also help patients Fig. 1 Handheld system (VECTRA H1) is utilized to obtain 3D images of the face as part of the preoperative assessment for rhinoplasty. allows the surgeon a thorough evaluation for purposes of facial analysis and assists surgical planning. Facial analysis is of upmost importance as it marks the beginning of a good rhinoplasty result. Three-dimensional tools allow 3D facial analysis in a way that is more meaningful to the surgeons and permit increased insight and understanding of the patient's anatomy. Better appreciation of the individualized anatomical structures and improved understanding of complex underlying conditions will only allow for more meticulous and accurate preoperative planning. 28 Rhinoplasty is a patientspecific operation, and the ability to capture images in 3D has opened up new avenues for patient-specific tailored treatment. As emphasized before, performing surgical planning in 3D can be invaluable, making surgeons more efficient, surgery safer, and anesthesia shorter.
29

3D Surface Imaging: Preoperative AssessmentRapport
Three-dimensional surface images offer some exceptional views and by doing so take the surgeon to a new more interactive level of communication with the patient. Photographing the patients using 3D technology and analyzing these images with respect to the patient individual morphology and wishes results in a realistic discussion of the potential outcome and creates a harmonious doctor-patient relationship. This practice facilitates the preoperative consultation, enhances education about rhinoplasty, and contributes to the circumstances within which a good rapport can be established between surgeons and patients.
3D Surface Imaging: Postoperative Assessment: Patients' Perspective
The rapid emergence of 3D surface imaging systems enables a close linkage between photography and patient care. When comparing patients' pretreatment and posttreatment images in two dimensions, comparisons for the benefits of volumetric changes are hindered. However, 3D 
3D Imaging: Postoperative Assessment-Surgeons' Perspective
Historically, outcome measures in rhinoplasty and facial plastic surgery were qualitative and related to patient quality of life and satisfaction, as these areas were believed to be the most important measures of success. 31 In spite of the fact that these measures were patient centered, they remained subjective. While all aesthetic procedures need an objective evaluation method, it has become important to adopt more objective ways of evaluating outcomes. 16 Although quantitative facial analysis of standardized 2D preand postoperative photos is the yardstick by which most rhinoplasty results are judged, the continued development of digital imaging and computing technology has begun to offer a more precise evaluation of facial measurements after rhinoplasty. These tools provide an objective, accurate, and reliable system for quantifying the changes of the soft tissue of the nose that occur after surgery, and objectively measure rhinoplasty results. An appraisal of the literature on 3D surface imaging for rhinoplasty or other facial plastic surgery procedures has revealed several studies that demonstrate the accuracy and reproducibility of these techniques (►Table 2). Honrado and colleagues assessed the changes in nasal measurements by comparing pre-and postoperative imaging in patients who received maxillomandibular surgery.
32
Three-dimensional imaging was used to evaluate the nasal height change after hump reduction by van Heerbeek and colleagues. 33 van Loon and his colleagues compared the paranasal volumes before and after surgery to assess the difference in swelling after percutaneous versus endonasal osteotomies. 34 Another article by van Loon et al evaluated the symmetry of the lip and nose in patients with unilateral clefts after primary septoplasty and cleft lip repair. 35 The same group of researchers applied 3D imaging to the evaluation of patients with clefts, measuring the volume of the cleft and noncleft sides of the nose after rhinoplasty. 36 Simanca et al evaluated 3D changes of the nose and soft tissues of the lip in patients with unilateral clefts after presurgical nasoalveolar molding. 37 Toriumi and Dixon provide a description of techniques used to assess rhinoplasty results with the overlay of before and after 3D images.
Dixon and colleagues used 3D imaging software to assess the surgical changes of patients with unilateral clefts who underwent secondary rhinoplasty.
38
The first study that analyzed nasal tip volumes in patients with bulbous tips is by Bared et al, who used 3D imaging software to demonstrate the changes in nasal tip volume after lower lateral cartilage repositioning. 39 van Loon et al also investigated the influence of maxillary movement on the soft tissues of the nose and lip by measuring their 3D changes after surgery. 40 Volumetric analysis is an exciting new capability offered by 3D imaging tools. With 3D imaging and analysis, the ability to rotate the surface around and make measurements on it results in images that are more accurate and reproducible than with conventional photography. Not only is the surgeon able to match positions of pre-and postoperative images over time very precisely, but also he can overlay one on top of another and see what is moving forward and what is moving backward even at very subtle levels. The ability to track 3D changes in the postoperative nose with time is an additional advantage of 3D imaging application. 16 The authors have demonstrated the capacity of the system to perform topographic measurements by calculating the topographic distance between two points along the contour of the nose. This is in contrast to the relative measurements arising from 2D images. Finally, 3D imaging can be used not only to objectify or 
Disadvantages of 3D
Three-dimensional imaging systems are significantly more expensive than their 2D predecessors, often costing thousands of dollars. 41 However, with advancement of computer and imaging technology, it is expected that more affordable systems will be developed in the near future for standard clinical practice.
The Future of 3D Applications in Rhinoplasty
Today, the requirement to think and conceptualize in 3D has contributed to the emergence of facial sculpturing courses and workshops, where facial plastic surgeons engage into perceptual exercises in clay to do eye training, mental 3D imaging, and appreciate what is possible by any 3D manipulation.
42
One of the most promising innovations in biomedical science is 3D printing. Tactile models and their adoption in a variety of medical fields have shown that they can be very helpful for preoperative consultations with patients and as a real intraoperative 1:1 scale reference. 43 Other authors emphasize that 3D-printed models translate preoperative imaging data into useful tools that may help surgeons both reduce operating room time and potentially improve surgical results. 44 More recently, head and neck surgeons have used 3D
printing to provide preoperative models for complex surgeries. As facial plastic surgery needs to fulfill the different demands from a diverse patient population, the application of tailored 3D printing will become indispensable. 45 The use of 3D digital technology and printing to create templates for soft tissue reconstruction has also been described, although it is in its infancy. 46 In the spirit of patient-specific individualized medicine, 3D printing may also have innovative clinical applications for personalized rhinoplasty. The possibility of using the patients' 3D images to print a 3D moldable model of the patients' face and nose would augment the ability to conceptualize the surgical steps for any given patient. At the same time, it would render patient consultations more effective and increase diagnostic quality. The application of the 3D printing technique has even been extended from Biocell printing for 3D tissue/organ development to the creation of scaffold for tissue engineering and actual clinical application for various medical parts. In rhinoplasty, novel materials are required that can replace or complement conventional materials, including autologous tissue, and these methods can be the basis for applying tissue engineering techniques in rhinoplasty. 45 It is clear that outcomes assessment has moved from the restricted evaluation of results with angles, ratios, and distance measurements to the emerging era of objectively measuring results and demonstrating changes. With such a remarkable way of quantifying postoperative changes offered with 3D imaging, the rhinoplasty surgeon would be able to ultimately compare different approaches and technical subtleties to achieve the highest level of patient satisfaction and hence surgical success. Providing accuracy and objectivity in the evaluation of volumetric changes following rhinoplasty will open new avenues in the arena of outcomes research. In the future, there may be a role for correlating the degree of patient satisfaction to the amount of volume change assessed.
The potential wealth of information derived from 3D analyses of results of different rhinoplasty techniques is also substantial. Applying these analyses to large patient databases, surgeons can discover which techniques shorten procedure and anesthetic time, or increase the chances of success. 47 Ultimately, these data can be used to increase the predictability of surgical results in rhinoplasty.
Conclusion
Facial plastic surgery is unique in that many of its advances are conceived in the industry, and not in the laboratory. This review demonstrates that 3D surface imaging is taking surgeons to a new level of communication with patients, surgical planning, and outcome evaluation. It will be shortsighted not to realize that there is a sea change upon us, reinforced largely by the advances and innovation in computing and imaging technology. There is no doubt that technology and innovation can help us improve the care of our patients. But for now we have to endeavor a closer collaboration between medicine, academia, and industry to provide more evidence that would allow us to introduce the benefits of 3D technology into clinical practice at a reasonable cost for a sustainable health care system. We are in the early stages of many future articles objectifying the difference that 3D technology can make in outcomes, such as surgeon satisfaction, patient satisfaction, operative results, and operative time and costs.
47
For the rhinoplasty surgeon, patient satisfaction will continue to remain one of the most important parameters of success. The use of 3D imaging serves as a tangible representation of a certain caliber in the management of the rhinoplasty patient from the preoperative evaluation all the way to the postoperative assessment. The importance of tools like 3D imaging will only be increasing in the future, enhancing patient's centered care, outcomes-oriented research, and a transparency-driven health care philosophy. We look to the future with optimism as we move forward into the world of personalized medicine.
